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Xenopus oocytes accumulate maternal mRNAs which are then recruited to ribosomes during meiotic cell cycle progression
in response to progesterone and coincident with poly(A) elongation. Prior to stimulation, most protein synthesis (;70%)
does not require intact translation factor eIF4G (B. D. Keiper and R. E. Rhoads, 1997, Nucleic Acids Res. 25, 395–402). In
he present study we have addressed the requirement of eIF4G in the recruitment of mRNAs during meiosis. Cleavage of
IF4G by coxsackievirus protease 2A inhibited progesterone-induced meiotic progression in 88% of the oocytes; prevented
he recruitment of maternal mRNAs encoding cyclin B1, c-Mos, D7, and B9; and disrupted the association of eIF4G with
oly(A)-binding protein. Poly(A) elongation, however, was not inhibited by eIF4G cleavage. Injection of MPF restored
eiotic cell cycle progression to >60% of the oocytes but not the recruitment of cyclin B1 or B9 mRNA. Previously
ecruited maternal mRNAs were removed from polyribosomes following subsequent cleavage of eIF4G, indicating that
IF4G is required both to recruit and also to maintain maternal mRNAs on polyribosomes. The expression of a
leavage-resistant variant of human eIF4G-1 (G486E) significantly restored the ability to synthesize c-Mos in response to
rogesterone and to translate exogenous b-globin mRNA, indicating that the inhibition by protease 2A is due to cleavage
f eIF4G alone. These results indicate that intact eIF4G is required for the poly(A)-dependent recruitment of several
aternal mRNAs (cyclin B1, c-Mos, D7, and B9) during meiotic cell cycle progression but not for the synthesis of most
roteins. © 1999 Academic Press
Key Words: translation initiation; eIF4G-1; maternal mRNA; poly(A) elongation; protease 2A; meiotic maturation,poly(A)-binding protein.
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SINTRODUCTION
During vertebrate oogenesis and the opening hours of
embryogenesis, gene expression is governed primarily by
translational control (Curtis et al., 1995; Dworkin and
Dworkin-Rastl, 1990). The developing oocyte is arrested in
meiotic prophase (G2) and accumulates maternal compo-
nents, including mRNAs, proteins, and ribosomes that will
be required during the very rapid development which fol-
lows fertilization (Davidson, 1986). Fully grown oocytes of
Xenopus laevis carry out protein synthesis actively but
utilize only 2% of maternal ribosomes and 19% of maternal
mRNA (Davidson, 1986; Woodland, 1974). The translated
mRNAs encode primarily proteins with housekeeping func-1 To whom correspondence should be addressed. Fax: (318) 675-
5180. E-mail: rrhoad@lsumc.edu.
0012-1606/99 $30.00
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All rights of reproduction in any form reserved.ions such as actins, tubulins, metabolic enzymes, and
ibosomal proteins (Ballantine et al., 1979; Dworkin et al.,
985; Wormington, 1988). Stored maternal messages, on the
ther hand, encode cell cycle regulatory proteins such as
-Mos, Cdk2, and cyclins A, B1, and B2, which likely play a
ole in early embryonic development (Gabrielli et al., 1993;
heets et al., 1994; Stebbins-Boaz et al., 1996). These
translationally dormant mRNAs reside in stable ribo-
nucleoprotein complexes and contain short 39 poly(A) tracts
(Dworkin and Dworkin-Rastl, 1985; Kelso-Winemiller and
Winkler, 1991; Richter, 1988). Reentry of quiescent oocytes
into the meiotic cell cycle is triggered in vivo by progester-
one, causing dissolution of the nucleus (germinal vesicle
breakdown, GVBD) and sending the cells through two
meiotic cycles to arrest once again in metaphase (Maller,
1985). During cell cycle progression there is a dramatic
change in the spectrum of mRNAs being translated. Some
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2 Keiper and Rhoadsof the stored maternal mRNAs are recruited to the protein
synthetic machinery while many of the housekeeping
mRNAs cease to be translated (Richter, 1991; Wormington,
1993). Since there is no appreciable gene transcription in
the zygote until the 4000-cell stage, translation of the pool
of stored maternal mRNAs is the only means to synthesize
new proteins in the early developing embryo (Dworkin and
Dworkin-Rastl, 1990; Newport and Kirschner, 1982).
Modification of the 39 poly(A) tracts of stored maternal
mRNAs plays an important role in their recruitment to the
ribosome (Bachvarova, 1992; Richter et al., 1990). Proges-
terone induces the activity of a cytoplasmic poly(A) poly-
merase that adds 100–300 A residues to these mRNAs (Fox
et al., 1989). The poly(A) elongation is required for recruit-
ment onto ribosomes; failure to polyadenylate inhibits both
the translational activation of these mRNAs and the pro-
gression of the meiotic cell cycle (Kuge and Inoue, 1992;
McGrew et al., 1989). Later during maturation, housekeep-
ing mRNAs such as actin and ribosomal protein messages
lose their poly(A) tracts and cease to be translated (Varnum
and Wormington, 1990). Thus, for most maternal mRNAs
there is strict correlation between the presence of a long
poly(A) tract and efficient translation.
The mechanism by which addition of a 39 poly(A) tract
timulates translation is not clear, but recent studies im-
licate an interaction between the poly(A)-binding protein
PABP) and members of the eIF4 group of translation initia-
ion factors. These factors collectively bind the
-methylguanosine-containing cap, unwind secondary
tructure in the mRNA, and catalyze mRNA binding to the
3S initiation complex (Merrick and Hershey, 1996). The
embers of this group include eIF4E, a cap-binding protein;
IF4A, an RNA-helicase; eIF4B, an RNA- and PABP-binding
rotein which stimulates eIF4A and has RNA annealing
ctivity; and eIF4G, a linking protein which has indepen-
ent binding sites for eIF4E, eIF4A, and eIF3, thereby
ringing together the mRNA 59 end, the RNA helicase
ctivity, and the 40S subunit. An interaction between PABP
nd eIF4G has also been demonstrated in both yeast and
lant cell extracts (Le et al., 1997; Tarun and Sachs, 1996;
arun et al., 1997). The PABP-binding site has been mapped
o the N-terminal portion of eIF4G adjacent to the binding
ite for eIF4E. Thus, eIF4G has the potential to coordinate
he binding of mRNA to ribosomes through interactions
ith both the 59 and 39 ends of the mRNA. However, a role
or eIF4G in poly(A)-mediated translational control events
n animal cells has not been shown.
A critical role for eIF4G in determining both the rate of
nitiation and the types of mRNAs translated has been
emonstrated by altering its intracellular levels. Most pi-
ornaviruses encode an early gene product, protease 2A,
hich cleaves eIF4G at a specific site (Arg486-Gly487 of rabbit
eIF4G), breaking the linkage of the cap-binding function to
the RNA-unwinding and ribosome-binding functions
(Etchison et al., 1982; Lamphear et al., 1993). This inhibits
cap-dependent initiation of the host mRNAs and facilitates
cap-independent initiation, the mechanism utilized by the
Copyright © 1999 by Academic Press. All rightncapped picornaviral RNAs. Conversely, ectopic overex-
ression of eIF4G-1 causes somatic cells to become deregu-
ated for growth control and become oncogenic (Fukuchi-
himogori et al., 1997). Numerous other lines of evidence
uggest that the mRNA-binding step of translation cata-
yzed by eIF4 factors is carefully regulated in response to
rowth stimuli (Altmann and Trachsel, 1993; Rhoads, 1993;
onenberg, 1993).
Picornaviral infection of mammalian cells results in
early complete inhibition of host protein synthesis (Ehren-
eld, 1996). This inhibition can be reproduced in vitro using
urified recombinant protease 2A (Borman et al., 1995;
Borman et al., 1997; Liebig et al., 1993; Ohlmann et al.,
1995; Ziegler et al., 1995a,b). We have recently shown,
however, that injection of the same purified recombinant
protease 2A causes cleavage of eIF4G in quiescent Xenopus
oocytes but has little effect on total protein synthesis
(Keiper and Rhoads, 1997). Protein synthesis in stage VI
oocytes is also refractory to high concentrations of cap
analog inhibitors, providing further evidence that transla-
tion is not strongly dependent upon recognition of the
mRNA cap by eIF4 factors (Asselbergs et al., 1978; Drum-
mond et al., 1985). The 39 poly(A) tract, on the other hand,
plays a role in facilitating translation reinitiation of
mRNAs injected into quiescent oocytes (Drummond et al.,
1985; Galili et al., 1988) and is critical for the translational
recruitment of stored maternal mRNAs in progesterone-
stimulated oocytes (Wickens et al., 1997). If PABP function-
ally interacts with the N-terminus of eIF4G in animals (as
in plants and yeasts), then the removal of the N-terminus of
eIF4G by protease 2A should disrupt the association of
PABP with the 40S initiation complex and any subsequent
poly(A)-dependent events. This should, in turn, have dra-
matic consequences in vivo for mRNAs which undergo
poly(A) elongation in response to progesterone and the cell
cycle functions contributed by their protein products. To
test this, we examined the effect of eIF4G cleavage on the
recruitment of maternal mRNAs to ribosomes following
poly(A) elongation during the resumption of the meiotic
cell cycle.
MATERIALS AND METHODS
Picornaviral Protease 2A
Recombinant coxsackievirus B4 protease 2A (a gift from Dr.
Barry Lamphear, Louisiana State University Medical Center) was
produced and purified to homogeneity as previously described
(Liebig et al., 1993; Skern and Liebig, 1994). Protease was diluted at
least 10-fold into modified Barth’s saline solution (MBS; Kay, 1991)
just prior to microinjection and kept on ice. Oocytes were injected
with 2.5 ng of protease 2A which cleaves the endogenous eIF4G
within 2.5 h (Keiper and Rhoads, 1997).
s of reproduction in any form reserved.
1
p
m
w
a
m
3
i
X
w
p
m
l
a
3Recruitment of Maternal mRNAs Requires eIF4G-1Xenopus Oocyte Isolation, Microinjection, and
Culture
Frogs were purchased from Xenopus I (Madison, WI). Ovary was
surgically removed from females and rinsed with MBS. Oocytes
were isolated manually, sorted to select properly staged oocytes
(Dumont, 1972) and remove those with blemishes, cultured, and
injected as previously described (Keiper and Rhoads, 1997). The
follicle cells surrounding individual oocytes were not removed by
collagenase/pronase treatment due to the dramatic adverse effects
on protein synthesis and progesterone sensitivity following treat-
ment (Smith et al., 1991). Rabbit globin mRNA was isolated as
described (Chu and Rhoads, 1980) and then further purified by a
second round of oligo(dT)–cellulose chromatography (Keiper and
Wormington, 1990).
Metabolic Labeling of Oocyte Protein Synthesis
in Vivo
Labeling of protein synthesis was performed in 20 or 100 ml of
0.5–1 mCi/ml [35S]methionine (.1000 Ci/mmol, ICN Radiochemi-
cals) in MBS at room temperature (22–24°C) as previously described
(Keiper and Rhoads, 1997). Metabolic labeling was used in prefer-
ence to microinjection of radioactivity to prevent distortion of the
endogenous amino acid pool, to allow more precise dosage to all of
the experimental oocytes and to provide a continuous supply of
radiolabel over the course of several hours which was not subject to
depletion or leakage. For analysis of total proteins, groups of three
oocytes were cultured, rinsed twice, and frozen. For immunopre-
cipitation from 35S-labeled extracts, groups of 15 oocytes were
treated as described above.
Preparation of Total Oocyte Extracts,
Electrophoresis, and Western Analysis
Oocytes were homogenized at 4°C in extraction buffer (50 mM
Tris–HCl, pH 7.5, 0.5 M urea, 2% Nonidet P-40, 5%
2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride) and cen-
trifuged at 25,000g for 5 min. The supernatants were resolved by
SDS–PAGE as previously described (Keiper and Rhoads, 1997).
Immunoblotting for eIF4G-1 was performed using N-terminal
antiserum which recognizes amino acids 327–342 (Yan et al., 1992).
For immunoblotting of c-Mos, oocytes were homogenized and
resolved as previously described (Stebbins-Boaz et al., 1996), and
c-Mos was detected with affinity-purified rabbit antibody C237
purchased from Santa Cruz Biotechnology, Inc. For immunoblot-
ting of eIF4A and PABP, mouse monoclonal antibody to human
eIF4A (a gift from Dr. Hans Trachsel, Bern, Switzerland) and
antiserum to Xenopus PABP I (a gift from Dr. Daniel Schoenberg,
Ohio State University), respectively, were used.
Radiolabeled extracts and immunoprecipitates were resolved by
SDS–PAGE on 6, 10, or 15% gels which were subsequently fixed in
45% methanol, 5% acetic acid and then soaked in 1 M sodium
salicylate prior to drying and autoradiography. Image analysis was
by PhosphorImager detection with quantitation using ImageQuant
(Molecular Dynamics) or by scanning on a Hewlett Packard ScanJet
with quantitation by NIH Image V1.5 software.
Immunoprecipitation from Oocyte ExtractsFor immunoprecipitation of D7, 15 oocytes were homogenized
in buffer M (20 mM Tris–HCl, pH 7.5, 2 mM MgCl2, 50 mM NaCl,
Copyright © 1999 by Academic Press. All right2 mM b-glycerophosphate, 10 mM EGTA) containing 1 mM
henylmethylsulfonyl fluoride and 0.5 mg/ml leupeptin. The ho-
ogenate was centrifuged at 25,000g for 5 min and the supernatant
as transferred to fresh tubes. The extent of protein synthesis was
ssayed by precipitation with 5% (v/v) trichloroacetic acid, 1 mM
ethionine (Keiper and Rhoads, 1997) and aliquots containing
.5 3 106 cpm of incorporated [35S]methionine were analyzed by
mmunoprecipitation. Following addition of 5 ml of anti-Xenopus
D7 antiserum (a gift from Dr. Rosamund Smith, Eli Lilly & Co.),
samples were incubated at 4°C overnight with gentle rotation
(Smith et al., 1992). Protein A–agarose (Pierce, 40 ml of a 1:1 slurry
in buffer M) was added and the tubes incubated 1 h at 4°C with
rotation. Protein A–agarose beads were washed three times with
0.5 ml of buffer M containing 0.5% Nonidet P-40 and eluted in
SDS–PAGE loading buffer as described above.
For immunoprecipitation of PABP, 50–80 oocytes were homog-
enized at 4°C in coimmunoprecipitation buffer (Tarun and Sachs,
1996) containing 1 mM phenylmethylsulfonyl fluoride and 0.5
mg/ml leupeptin. The homogenate was centrifuged at 25,000g for 5
min and the supernatant was transferred to fresh tubes. RNase A
was added (except where noted) to 10 mg/ml and the extract was
incubated 20 min at 20°C. Following addition of 5 ml of anti-
enopus PABP I antiserum, tubes were incubated at 4°C for 2 h
ith gentle rotation. Immune complexes were immobilized on
rotein A–agarose as described above, washed three times with 0.5
l of coimmunoprecipitation buffer, and eluted in SDS–PAGE
oading buffer. Control immunoprecipitations contained 5 ml of
nti-rat PHAS-I (4E-BP1) antiserum (Mendez et al., 1996).
Preparation of Maturation-Promoting Factor (MPF)
Crude MPF extract was prepared from dejellied unfertilized
Xenopus eggs by differential ultracentrifugation and ammonium
sulfate precipitation (Wasserman et al., 1982). The final dialysis
step was replaced by buffer change using a Centricon 30 (Amicon,
Inc.). The MPF preparation was shown to be active by its ability to
stimulate maturation in cycloheximide-inhibited oocytes (data not
shown). This preparation contained trace amounts of eIF4G and
c-Mos (,5% of the endogenous amount in a single oocyte was
contributed by MPF injection; data not shown).
RNA Analysis, Oocyte Fractionation, and Polysome
Pelleting
Total RNA was prepared from oocytes and subcellular fractions
by the SDS/protease K method (Wormington, 1991). RNA from two
oocytes was resolved by formaldehyde/1.2% agarose gel electro-
phoresis and blotted to NitroPlus 2000 membranes (MSI Separa-
tions; Maniatis et al., 1989). For analysis of polyribosomal and
nonpolyribosomal mRNAs, extracts from 10–15 oocytes were
fractionated by centrifugation over sucrose cushions (Woodland,
1974; Wormington, 1991). Changes in poly(A) length on small
mRNAs were detected by two methods: altered migration on
Northern blots (Dworkin et al., 1985; Varnum and Wormington,
1990) and shift in mobility following digestion with RNase H
(Promega) in the presence of oligo(dT)12–15 (Pharmacia; Stebbins-
Boaz et al., 1996).
Plasmid Construction and in Vitro TranscriptionThe templates for transcription of human eIF4G-1 poly(A)-
containing mRNAs, pAD4GwtA1 and pAD4GG486EA1, were con-
s of reproduction in any form reserved.
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4 Keiper and Rhoadsstructed from the plasmids pAD4GWT and pAD4GG486E (Lamphear
nd Rhoads, 1996). A portion of the cDNA-encoding Xenopus
ibosomal protein S22 (rpS22) corresponding to the 39 untranslated
region and poly(A) tract (NsiI to EcoRI, nucleotides 456–651) was
first subcloned into the PstI and EcoRI sites of pBluescript KSII2
(Stratagene, La Jolla, CA) to create the plasmid pKSA95. The rpS22
insert was again removed using NotI and XhoI and inserted into the
same sites in both pAD4G plasmids, placing the rpS22 poly(A) tract
just 39 of the human eIF4G (WT or G486E) cDNAs. The template
for transcription of RNA encoding Xenopus PABP I with an
N-terminal myc tag (plasmid pSDM/PABP) was a gift from Dr.
Peter Good (Louisiana State University Medical Center).
Antisense RNA probes to endogenous B9 mRNA (Dworkin and
Dworkin-Rastl, 1985), cyclin B1 mRNA (Minshull et al., 1989), or
rpS22 mRNA (Keiper and Wormington, 1990) were transcribed
with T7 or SP6 RNA polymerase (Promega) and [a-32P]UTP
(Dupont/NEN) from linearized plasmid. DNA probe to endogenous
D7 mRNA was labeled by random priming of isolated D7.1 cDNA
(Smith et al., 1988). The clone B9 has been shown by DNA
sequencing to be identical to the clone D4 (data not shown)
(Dworkin et al., 1985).
RESULTS
The Effect of eIF4G Cleavage on mRNA
Recruitment and Meiotic Maturation
Microinjection of recombinant coxsackievirus B4 protease
2A completely cleaves eIF4G in quiescent oocytes but results
in only a 35% reduction in total protein synthesis and no
reduction in actin synthesis (Keiper and Rhoads, 1997). We
employed protease 2A in a similar manner to test whether
eIF4G was required for meiotic cell cycle progression, c-Mos
synthesis, and maternal mRNA recruitment (Fig. 1). Xenopus
eIF4G-1 was detected by Western blotting using antiserum
which recognizes amino acids 327–342 of human eIF4G-1
(Yan et al., 1992). Both eIF4G and its N-terminal cleavage
product (cpN) migrate as a heterogeneous cluster of bands on
DS–PAGE (Lamphear et al., 1993). Injection of stage VI
ocytes with protease 2A cleaved eIF4G into cpN and cpC (Fig.
A, lanes 3–5; only the former reacts with the antibody used).
he residual eIF4G signal is derived from the thin layer of
ollicle cells surrounding the oocyte (data not shown). Cleav-
ge of eIF4G inhibited progesterone-induced GVBD by 88%
Fig. 1B, 2A/prg) whereas all of the buffer-injected oocytes
atured (2/prg).
We next tested whether the inhibition of GVBD by
rotease 2A was due to the inability of cleaved eIF4G to
articipate in the recruitment of mRNAs encoding cell
ycle proteins (e.g., cyclin B, Cdc2, and c-Mos). It has been
hown that de novo synthesis of the protein kinase c-Mos is
equired to initiate the meiotic cascade by activating MPF,
cell cycle modulator composed of cyclin B and Cdc2
Lohka et al., 1988; Sagata et al., 1989; Sheets et al., 1995).
PF catalytically induces meiotic maturation in oocytes,
ven when protein synthesis is fully inhibited by cyclohex-
mide (Wasserman et al., 1982). We injected a crude MPF
reparation to determine whether the lesion caused by
IF4G cleavage occurs upstream or downstream of MPF
o
t
Copyright © 1999 by Academic Press. All rightFIG. 1. Xenopus eIF4G is required for progesterone-induced meiotic
maturation. (A) Oocytes were injected with either buffer MBS (lanes 1
and 2) or recombinant protease 2A (lanes 3–5). Following a 4-h
incubation at room temperature, half the oocytes in each group were
subsequently injected with MPF (lanes 2 and 4) and incubated a
further 1.5 h (lanes 1, 2, 4, and 5). Lane 3 shows the extent of eIF4G
cleavage prior to the second round of injections (t 5 2.5 h). eIF4G was
etected by Western blot analysis with an anti-human eIF4G
-terminal antibody. Trace amounts of eIF4G in the MPF extract are
mmediately cleaved in protease 2A-injected oocytes (lane 4 and data
ot shown). (B) The kinetics of meiotic maturation (GVBD; as assayed
y white spot formation) were measured for sibling oocytes injected
ith buffer (2) or protease (2A) over a 24-h time course. Subsets of
hese oocytes were injected with MPF (mpf) or exposed to progester-
ne (prg) at t 5 4 h. The number of oocytes in each sample were:
/prg, n 5 55 (closed squares); 2A/prg, n 5 25 (closed diamonds);
/mpf, n 5 45 (open squares); 2A/mpf, n 5 97 (open circles); 2A/2,
5 17 (open triangles); 2/2, n 5 20 (open diamonds). These data are
epresentative of three independent experiments. In one such experi-
ent, the injection of MPF restored GVBD to 97% of oocytes. (C)
xtracts from oocytes frozen at t 5 9 h were analyzed by Western blot
or the accumulation of c-Mos. Completion of GVBD (1 or 2) by the
ocytes analyzed is shown above each lane. MPF extract equivalent to
he amount injected into each oocyte was loaded in lane 5.
s of reproduction in any form reserved.
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5Recruitment of Maternal mRNAs Requires eIF4G-1activation. MPF extract did not contribute any detectable
intact eIF4G (Fig. 1A, lane 2) or c-Mos (Fig. 1C, lane 5) but
substantially rescued cell cycle progression (Fig. 1B, 2A/
mpf), indicating that no cellular process required for matu-
ration except protein synthesis was adversely affected by
protease 2A. Oocytes injected with MPF alone accumulated
c-Mos protein (Fig. 1C, lane 3) just as they did following
progesterone stimulation (lane 6). However, the injection of
protease 2A markedly reduced the amount of c-Mos in
MPF-matured oocytes (lane 4). The accumulation of c-Mos
is an assay of the earliest maternal mRNA recruitment
following meiotic cell cycle stimulation (de Moor and
Richter, 1997). These results suggest that intact eIF4G is
required for cell-cycle-dependent mRNA recruitment.
Inhibition of maternal mRNA recruitment could result
either from a failure to elongate poly(A) tracts or from the
inability of elongated poly(A) tracts to interact with the
initiation machinery in the absence of intact eIF4G. We
assayed these parameters for two maternal mRNAs for
which both recruitment and poly(A) elongation during
maturation have been established: B9 (referred to in an
earlier study as D4; Dworkin and Dworkin-Rastl, 1985;
Dworkin et al., 1985) and cyclin B1 (Stebbins-Boaz et al.,
996). The proportion of these mRNAs which sediments
hrough a sucrose cushion with polyribosomes, a measure
f their recruitment, was determined by Northern analysis.
9 and cyclin B1 mRNAs were predominantly nonpolyri-
osomal prior to MPF injection (Fig. 2A, lanes 1 and 2) but
ere efficiently recruited to ribosomes following MPF in-
ection (Fig. 2A, lanes 5 and 6). The recruitment was similar
o that seen following progesterone stimulation (Fig. 2A,
anes 9 and 10). The injection of protease 2A completely
revented the MPF-induced recruitment of these mRNAs
o ribosomes (Fig. 2A, lanes 7 and 8). As an independent
easure of mRNA recruitment, oocytes were labeled with
35S]methionine and synthesis of D7, encoded by another
recruited maternal mRNA (Smith et al., 1988), was detected
by immunoprecipitation. D7 synthesis was completely in-
hibited in maturing oocytes which lack intact eIF4G (Fig.
2B, lane 3 vs. lane 4).
Poly(A) addition to maternal mRNAs results in a charac-
teristic reduction in electrophoretic mobility (Dworkin et
al., 1985). The slower migration of the 900-nt B9 mRNA
and the 1400-nt cyclin B1 mRNA in oocytes injected with
MPF indicated that poly(A) elongation of these mRNAs
occurred regardless of whether they were recruited (Fig. 2A,
lanes 6 and 7 vs. lane 1). The extent of poly(A) addition is
analyzed further below. Thus, B9, cyclin B1 and D7 mRNAs
cannot be recruited to ribosomes in oocytes containing
cleaved eIF4G despite the elongation of their poly(A) tracts
and the oocytes’ progression through meiosis.
Restoration of Translation in Vivo by Human
eIF4G-1Picornaviral 2A proteases cleave eIF4G and the viral
polyprotein but few other cellular proteins (Gradi et al.,
t
Copyright © 1999 by Academic Press. All right1998; Yalamanchili et al., 1997; Ziegler et al., 1995a). To
onfirm that the inhibitory effect of protease 2A on mRNA
ecruitment and meiotic progression was due to the cleav-
ge of eIF4G, rather than some other protein, we sought to
estore eIF4G after 2A treatment. Recently a human
IF4G-1 variant was developed in which Gly486 was changed
FIG. 2. Cleavage of endogenous eIF4G in oocytes prevents mater-
nal mRNA recruitment independent of meiotic maturation. (A)
Oocytes, treated as in Fig. 1B and harvested at t 5 7 h (mpf) or t 5
0 h (prg), were fractionated by sucrose step-gradient centrifugation
Woodland, 1974; Wormington, 1991) to separate polyribosomal (p)
rom nonpolyribosomal (n) mRNA for Northern blot analysis of the
aternal mRNAs B9 and cyclin B1 as well as ribosomal protein S22
RNA. Lane designations are same as in Fig. 1B. Release of
RNAs to the nonpolyribosomal fraction by prior incubation of
xtracts with 30 mM EDTA verified that sedimentation was due to
ibosome binding (lanes 11 and 12). The positions of migration of
hort (A2) and poly(A)-elongated (A1) forms of the mRNAs are
hown. (B) Oocytes were labeled for 3 h with [35S]methionine 1 h
fter the injection of MPF (t 5 5–8 h) and extracts subjected to
immunoprecipitation using D7 antiserum, SDS–PAGE, and auto-
radiography.o Glu486; this variant is partially resistant to cleavage by 2A
protease (Lamphear and Rhoads, 1996). As an assay for
s of reproduction in any form reserved.
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6 Keiper and RhoadseIF4G activity, we monitored the translation of injected
rabbit globin mRNA, which is highly dependent on the
presence of intact eIF4G (Keiper and Rhoads, 1997; Lamp-
hear and Rhoads, 1996; Liebig et al., 1993).
RNAs encoding wild-type eIF4G (eIF4GWT) and eIF4GG486E
were injected into oocytes together with rabbit globin
mRNA. After a 13-h incubation to allow accumulation of
human eIF4G, oocytes were injected with an amount of
protease 2A sufficient to cleave all of the endogenous
Xenopus eIF4G and were subsequently pulse labeled with
[35S]methionine. Total protein synthesis was only partially
inhibited by protease 2A treatment (Fig. 3A). Both eIF4GWT
and eIF4GG486E were synthesized in oocytes (Fig. 3A, lanes 5
nd 7), but eIF4GWT was completely cleaved by protease 2A
nto cpN and cpC (Fig. 3A, lane 6). Intact eIF4GG486E accumu-
lated during the course of the metabolic labeling but was
only partially cleaved (Fig. 3A, lane 8). Globin was the most
actively synthesized protein in oocytes containing intact
Xenopus eIF4G (Fig. 3A, bottom panel, lane 3), but its
synthesis was dramatically inhibited by eIF4G cleavage
(Fig. 3A, lane 4). Co-expression of human eIF4GWT only
slightly stimulated globin synthesis in protease 2A-treated
cells (Fig. 3A, lane 6), but coexpression eIF4GG486E signifi-
antly increased globin synthesis (Fig. 3A, lane 8 vs. lane 4).
his indicates that inactivation of Xenopus eIF4G is the
ole basis for loss of globin mRNA translation in these cells
nd that eIF4G-1 alone is sufficient to restore its synthesis.
We next determined whether the introduction of human
IF4GG486E was sufficient to restore progesterone-induced
recruitment of the endogenous maternal mRNA encoding
-Mos, which is a poly(A)-dependent event and is funda-
ental to meiosis. The c-Mos protein was completely
bsent in stage VI oocytes (Fig. 3B, lane 1) but was present
n progesterone-matured oocytes (Fig. 3B, lane 2). c-Mos
ynthesis was markedly inhibited in 2A-treated cells (Fig.
B, lane 4) but was rescued to nearly normal levels in
A-treated cells expressing eIF4GG486E (Fig. 3B, lane 6).
These experiments establish that eIF4G-1 is necessary and
sufficient to restore the recruitment of a maternal mRNA
to ribosomes in response to progesterone. As c-Mos mRNA
is not recruited prior to the elongation of its poly(A) tract
(Sheets et al., 1994), this indicates that intact eIF4G-1 is
required for translation initiation in response to poly(A)
elongation, i.e., poly(A) elongation is not sufficient for
c-Mos mRNA recruitment if eIF4G is cleaved.
eIF4G Is Required Early for Meiotic Maturation as
well as Late for Maintenance of mRNAs in
Polyribosomes
At what point during progesterone-stimulated meiotic
maturation is eIF4G required? An experiment in which the
time of protease 2A injection was varied indicated that
intact eIF4G was required only for the first 2–3 h following
progesterone stimulation (Fig. 4). Protease sufficient to
cleave eIF4G within 2.5 h (see Fig. 1A) was injected.
Oocytes injected with protease 2A and exposed to proges-
t
p
Copyright © 1999 by Academic Press. All righterone simultaneously progressed through meiosis with
ormal kinetics (Fig. 4A, t 5 0) and synthesized normal
evels of c-Mos by t 5 6 h (Fig. 4B, lane 4). By contrast, fewer
FIG. 3. Restoration of cap-dependent and poly(A)-dependent
translation to eIF4G-depleted oocytes by human eIF4G RNA injec-
tion. (A) Stage VI oocytes were injected with rabbit globin mRNA
alone (lanes 3 and 4) or mixed with in vitro transcribed human
eIF4G mRNA encoding either the wild-type (lanes 5 and 6) or the
cleavage-resistant variant (lanes 7 and 8) protein and incubated 12 h
at 21°C. Protease 2A was injected (lanes 2, 4, 6, and 8) and oocytes
incubated an additional 2.5 h to deplete eIF4G. Oocytes were pulse
labeled by a 1-h incubation in [35S]methionine and total protein
xtracts equivalent to 0.25 oocyte were resolved by SDS–PAGE on
% (top) or 15% (bottom) gels followed by autoradiography. The
ositions of full-length (hu eIF4G) as well as N-terminal (cpN) and
C-terminal (cpC) cleavage products of exogenous human eIF4G and
globin are shown. The identities of eIF4G-1 and cpN were con-
firmed by Western blot analysis (data not shown). The restoration
of globin synthesis by eIF4GG486E was 34% of that in oocytes not
reated with protease 2A (lane 8 vs. lane 7). (B) Stage VI oocytes
ere injected with in vitro transcribed eIF4GG486E (lanes 5 and 6)
RNA or MBS (lanes 3 and 4) and incubated 18 h at 21°C. Oocytes
ere then injected with protease 2A (lanes 4 and 6) to deplete eIF4G
nd subsequently exposed to progesterone (1) for 6 h. Western blot
nalysis was performed on total protein extracts to determine the
ccumulation of c-Mos. Protease 2A treatment reduced c-Mos
ccumulation to 24% (lane 4 vs. lane 3), but expression of
IF4GG486E restored c-Mos accumulation to 83% (lane 6 vs. lane 5).han 10% of oocytes in which eIF4G was cleaved prior to
rogesterone exposure completed meiosis (Fig. 4A, t 5 -2),
s of reproduction in any form reserved.
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7Recruitment of Maternal mRNAs Requires eIF4G-1and c-Mos accumulation was not detectable in these cells
(Fig. 4B, lane 3). The fact that c-Mos accumulated in one
case and not the other suggested that its mRNA entered
polyribosomes in t 5 0 cells while some intact eIF4G
emained. These data demonstrate that intact eIF4G is
equired for meiotic maturation and c-Mos synthesis only
n the first 2–3 h following progesterone stimulation.
In the same experiment, the translation state of three
ther maternal mRNAs, encoding B9, D7, and cyclin B1,
as analyzed by polyribosome sedimentation and Northern
lot analysis 5 h after progesterone stimulation (Fig. 5A). By
FIG. 4. eIF4G is required during the first few hours of
progesterone-induced meiotic maturation. Oocytes were injected
with protease 2A either immediately preceding or 2.5 h before the
application of progesterone at t 5 0. (A) Kinetics of maturation
(GVBD) by oocytes depleted of eIF4G prior to (diamonds, n 5 27) or
imultaneous with (circles, n 5 30) progesterone stimulation
ompared to controls receiving no protease 2A (squares, n 5 30).
he kinetics of GVBD in response to progesterone varies signifi-
antly from ovary to ovary (Smith et al., 1991); the oocytes used in
ig. 1 showed a t1/2 (50% of the population matured) of ;9 h, while
those in this figure responded with a t1/2 of just over 5 h. To
aintain internally consistent results, each experiment compares
ocytes which are all derived from the same ovary. (B) Total protein
xtracts from oocytes frozen at t 5 6.5 h were analyzed by Western
lot analysis for c-Mos. GVBD by the oocytes from which extracts
ere prepared is shown (1/2).his point in the time course, eIF4G was completely cleaved
hether protease 2A was injected prior to progesterone
d
l
Copyright © 1999 by Academic Press. All righttimulation or with it. All three mRNAs were polyadenyl-
ted but were not associated with polyribosomes regardless
f when the protease 2A was injected (Fig. 5A, lanes 5, 6, 7
nd 8). There are two plausible explanations for the absence
f these mRNAs in polyribosomes from t 5 0 cells, despite
the efficient synthesis of c-Mos protein: (1) sufficient eIF4G
was present early during the course of meiotic maturation
when c-Mos mRNA recruitment occurred but not later
when recruitment of the cyclin B1 (and possibly B9 and D7)
mRNA normally occurs (Ballantyne et al., 1997) or (2) the
recruitment of all four mRNAs occurred normally at their
respective times, but cyclin B1, D7, and B9 mRNAs were
released from polyribosomes when eIF4G was cleaved.
To distinguish between these possibilities, we assayed
the recruitment of D7 mRNA by a second method to
FIG. 5. Translation of maternal mRNAs is disrupted by eIF4G
depletion both before and after progesterone-stimulated recruit-
ment. (A) Sibling oocytes treated as in Fig. 4 were harvested at t 5
h and fractionated into polyribosomal (p) and nonpolyribosomal
n) material. RNA was isolated and subjected to Northern blot
nalysis for the polyadenylated maternal mRNAs B9, cyclin B1,
nd D7 as well as the ribosomal protein S22 mRNA as a control.
ane designations are as those described in Fig. 4B. Asterisk
ndicates residual signal due to cyclin B1 probe on a blot which was
tripped and reprobed for D7. The positions of migration of poly(A)
longated forms of the mRNAs are shown (A1, A11). (B) Autora-
iography of immunoprecipitates using D7 antiserum from oocytes
abeled with [35S]methionine from t 5 2 to t 5 5 h.
s of reproduction in any form reserved.
a
t
p
t
m
b
p
o
m
t
r
(
B
l
w
a
u
t
l
a
s
c
e
m
r
t
o
e
i
e
i
p
s
t
b
c
u
v
a
b
h
j
T
i
e
7
o
a
d
t
8 Keiper and Rhoadsdetermine whether D7 mRNA entered polyribosomes at
any time during this time course. Oocytes were labeled
with [35S]methionine from 2 to 5 h after progesterone
stimulation (the period preceding polyribosomal RNA anal-
ysis), and D7 protein was immunoprecipitated. D7 was
synthesized in progesterone-stimulated oocytes with intact
eIF4G (Fig. 5B, lane 3), but not when eIF4G was cleaved
prior to progesterone stimulation (Fig. 5B, lane 4). However,
when progesterone stimulation coincided with protease 2A
injection, some D7 synthesis was detected (Fig. 5B, lane 5).
Since D7 mRNA was no longer associated with polyribo-
somes at the end of the labeling period (Fig. 5A, lane 6), the
mRNA must have been recruited while some intact eIF4G
remained in the cell but was released from ribosomes as
eIF4G became cleaved. This is consistent with the ability of
the t 5 0 cells to synthesize c-Mos and complete meiosis
nd supports explanation (2) above. The results indicate
hat intact eIF4G is required to maintain translation of
oly(A)-elongated maternal mRNAs, not just to recruit
hem initially.
Interestingly, the electrophoretic mobility of maternal
RNAs was even further reduced in oocytes treated with
oth protease 2A and either MPF (Fig. 2A, lane 7) or
rogesterone (Fig. 5A, lanes 5 and 7) compared to matured
ocytes with intact eIF4G. To confirm that this change in
obility was due to increased polyadenylation, RNA from
hese cells was treated with oligo(dT) and RNase H to
emove 39 poly(A) tracts and analyzed by Northern blotting
Fig. 6). Following treatment, the rapidly migrating form of
FIG. 6. Cleavage of eIF4G in progesterone-treated oocytes causes
hyperadenylation of B9 mRNA. Sibling oocytes treated as in Fig. 4
were frozen at t 5 5 h. Total RNA from each sample, incubated in
he presence (1) or absence (2) of oligo(dT)12–15 and RNase H, was
resolved on a 1.3% agarose gel and subjected to Northern blot
analysis for B9 and S22 mRNAs. Lane designations are as those
described in Fig. 4. For this figure, “A2” refers to mRNA from
which all 39 poly(A) sequences have been enzymatically removed,
“A1” refers to mRNA which has undergone normal poly(A)
elongation, and “A11” refers to mRNA which has undergone
more extensive poly(A) elongation.9 mRNA (A-) was restored in all samples (Fig. 6, “1”
anes). This indicates that maternal mRNAs not associated
t
t
Copyright © 1999 by Academic Press. All rightith ribosomes undergo more extensive poly(A) elongation
nd provides further evidence that proteolysis of eIF4G
ncouples cytoplasmic poly(A) elongation from transla-
ional recruitment.
Overexpression of eIF4G-1 Has Little Effect on
Maternal mRNA Recruitment and Meiotic
Maturation
The foregoing experiments demonstrate that intact eIF4G
is required for the recruitment of dormant mRNAs to
ribosomes. We also tested whether overexpression of hu-
man eIF4G-1 could cause the premature recruitment of
maternal mRNAs independent of poly(A) elongation or cell
cycle stimulation. It has been observed that overexpression
of eIF4G-1 in mammalian cells leads to uncontrolled cell
division, resulting in their malignant transformation
(Fukuchi-Shimogori et al., 1997). RNA encoding human
eIF4GWT or eIF4GG486E was injected in the absence of proges-
terone or MPF. Human eIF4G accumulated in oocytes in
excess of endogenous eIF4G over a 48-h period (Fig. 7A);
accumulation of human eIF4GWT or eIF4GG486E was equiva-
ent (data not shown). A small proportion of B9 mRNA
ppeared in polyribosomes after 24 h of eIF4G overexpres-
ion (Fig. 7B, lanes 4, 6, and 8) compared to buffer-injected
ontrols. Oocytes receiving the highest dose of human
IF4G RNA (22 ng) showed the greatest recruitment of B9
RNA (Fig. 7B, lane 8), but the amount of prematurely
ecruited mRNA was considerably less than with proges-
erone (Figs. 2A and 5A). Meiotic maturation was not
bserved in any of these oocytes. The mRNA did not
xhibit the mobility shift seen with progesterone, indicat-
ng that eIF4G overexpression does not stimulate poly(A)
longation. Thus, although higher eIF4G-1 levels slightly
ncrease the translation initiation efficiency of the short
oly(A) form of B9, they do not cause normal recruitment or
timulate the meiotic cell cycle.
We further analyzed the steady-state level of eIF4G
hroughout oogenesis and meiotic maturation by Western
lotting to determine if a correlation exists with the
hanges in protein synthetic activity or maternal mRNA
tilization. Protein samples equivalent to half an oocyte at
arious stages of oogenesis were analyzed (Fig. 7C). The
ntiserum used recognizes human eIF4G-1 (Yan et al., 1992)
ut does not recognize a protein recently identified in
uman fetal brain and HeLa cells as eIF4G-2 which shares
ust 46% amino acid sequence identity (Gradi et al., 1998).
he results indicated that eIF4G-1 accumulates quite early
n Xenopus oogenesis; essentially the full complement of
IF4G has accumulated by stage III in a cell which has just
% of the cell volume and 12% of the protein synthetic rate
f the fully grown stage VI oocyte (Davidson, 1986; Smith et
l., 1991). There was no significant change in eIF4G level
uring meiotic maturation (Fig. 7C, lane M), a time when
he rate of total protein synthesis undergoes a two- to
hreefold increase (Wasserman et al., 1982).
s of reproduction in any form reserved.
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polyribosomal B9 mRNA varied somewhat from ovary to ovary
9Recruitment of Maternal mRNAs Requires eIF4G-1
Copyright © 1999 by Academic Press. All rightAssociation of eIF4G-1 with PABP in Oocytes
The requirement for eIF4G in the translation of poly(A)
elongated mRNAs suggests a link between the functions
of eIF4G and PABP. An interaction between eIF4G and
PABP has been demonstrated in Saccharomyces cerevi-
sae and wheat (Le et al., 1997; Tarun and Sachs, 1996) but
ot in animals. Using an antiserum to Xenopus PABP, we
howed the coimmunoprecipitation of endogenous
IF4G, demonstrating that this interaction occurs in
enopus stage VI oocytes as well (Fig. 8A, lane 2). The
nteraction was insensitive to RNase A (Fig. 8A, lane 3),
ndicating that it was not due to the binding of each
rotein separately to RNA. A control immunoprecipita-
ion using antiserum to 4E-BP1 precipitated no eIF4G,
emonstrating that the coprecipitation was specific (Fig.
A, lane 1).
PABP binds to the N-terminal portion of Saccharomyces
nd wheat eIF4G, near to the site of eIF4E binding (Le et al.,
997; Tarun and Sachs, 1996). If the same is true of animal
IF4G, then cleavage of eIF4G with protease 2A might
roduce cpN bound to PABP, as is observed in the case of
IF4E (Lamphear et al., 1995). To test this, we prepared
xtracts of oocytes injected with protease 2A sufficient to
leave most of the eIF4G (Fig. 8B). The anti-PABP anti-
erum, however, coimmunoprecipitated only the full-
ength eIF4G and none of the cpN from these extracts,
despite the abundance of the latter (Fig. 8C). The PABP
enriched in these immunoprecipitated samples remained
intact after protease 2A treatment (Fig. 8D). These results
suggest that cleavage of eIF4G disrupts the ability of its
N-terminus to interact with PABP. Alternatively Xenopus
eIF4G, unlike its yeast or plant counterparts, may bind
PABP in the cpC region.
Due to its low abundance in oocytes (Stambuk and Moon,
992), PABP was undetectable by Western blotting of crude
xtracts in the absence of enrichment or overexpression
Fig. 8E). Western blotting also demonstrated that anti-
IF4G antiserum did not cross-react with PABP (Fig. 8B) and
nti-PABP antiserum did not cross-react with eIF4G (Fig.
E).
DISCUSSION
The recruitment of maternal mRNAs to ribosomes upon
Xenopus oocyte meiotic maturation represents the clearest
and with method of quantification, the extent of human eIF4G-
mediated recruitment was always consistent. (C) Groups of 10
oocytes from a single ovary were sorted and staged according to
Dumont (Stages II to VI; Dumont, 1972), frozen, and homogenized
for Western blot analysis as in A. Stage VI oocytes were exposed toFIG. 7. Overexpression of human eIF4G leads to partial recruit-
ment of B9 mRNA in the absence of poly(A) elongation. (A) Stage VI
oocytes were injected with 17 ng of in vitro transcribed human
IF4GG486E mRNA or buffer (2) and incubated at room temperature.
Western blot analysis was performed with the anti-human eIF4G
N-terminal antibody on total protein extracts from oocytes frozen
at various times during a 48-h time course. Xenopus (xe) and
human (hu) eIF4G vary sufficiently in electrophoretic mobility to
be resolved by 6% PAGE. (B) Northern blot analysis of polyriboso-
mal (p) and nonpolyribosomal (n) RNA for B9 from oocytes injected
with buffer (lanes 1 and 2), 5 ng human eIF4GWT (lanes 3 and 4), 5
ng human eIF4GG486E mRNA (lanes 5 and 6), or 22 ng human
IF4GWT (lanes 7 and 8) analyzed 23 h after RNA injection.
uantification by densitometry indicated that the relative polyri-
osomal loading of B9 mRNA in buffer-injected oocytes was 9%, in
ocytes injected with 5 ng eIF4GWT mRNA was 15%, with 5 ng
eIF4GG486E was 16%, and with 22 ng eIF4GWT was 21%. The extent
of polyribosomal loading of B9 mRNA in progesterone-matured
oocytes (maximal) is typically 55–60%. Signal intensities were
normalized (n and p lanes separately) for yield by the 28S rRNA
content (ethidium bromide-stained gel prior to transfer, bottom).
These data are representative of three independent experimentsprogesterone for 12 h until GVBD was complete (stage M). One-half
oocyte equivalent of total protein was analyzed in each lane.
s of reproduction in any form reserved.
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10 Keiper and Rhoadsphysiological case in which changes in the poly(A) length of
an mRNA regulate its translation (Wickens et al., 1997).
FIG. 8. Complex formation between oocyte eIF4G and PABP is
disrupted by cleavage of eIF4G. Polyclonal antiserum against Xenopus
PABP was used to immunoprecipitate the eIF4G/PABP complex from
low-salt extracts from isolated stage V/VI oocytes. (A) Lysate was
incubated in the presence (1) or absence (2) of 10 mg/ml RNase A for
20 min at room temperature prior to immunoprecipation with Xeno-
us PABP serum (lanes 2 and 3). As a control for nonspecific precipi-
ation, antiserum against 4E-BP1 was used (lane 1). Immunoprecipi-
ates were resolved by electrophoresis and immunoblotted with
nti-N-terminal eIF4G serum. In all subsequent panels, extracts have
een treated with RNase A. (B) Immunoblot with eIF4G antiserum of
otal cell lysate from oocytes injected with buffer or 2 ng protease 2A
nd incubated 2.5 h. The position of migration of full-length eIF4G
nd the N-terminal cleavage product (cpN) are shown. No cross-
reaction with the 70-kDa PABP was observed. (C) Immunoprecipita-
tion of the lysates used in B with PABP antiserum and immunoblotted
with eIF4G antiserum. (D) PABP was immunoprecipitated from
lysates of noninjected and protease 2A-injected oocytes and immuno-
blotted for PABP. As a control for nonspecific precipitation, antiserum
against 4E-BP1 was used (lane 1). The heavy band at the front is due to
rabbit immunoglobulin (IgG) from the immunoprecipation recog-
nized by the secondary antirabbit antibody used in immunoblotting.
(E) Immunoblot with PABP antiserum of total cell lysate from oocytes
injected with buffer (lane 1) or 16 ng in vitro transcribed myc-PABP
RNA (lane 2) and incubated 15 h. The position of migration of the
exogenous protein (myc-pabp) is shown. No cross-reaction with the
220-kDa eIF4G was observed.Upon progesterone stimulation, oocytes translate for the
first time a subset of maternal mRNAs which must undergo
Copyright © 1999 by Academic Press. All rightoly(A) elongation for their utilization. While the mecha-
ism leading to cytoplasmic 39 poly(A) elongation is well
nderstood (Hake and Richter, 1997), it is not clear how this
odification of maternal mRNAs brings about their re-
ruitment to ribosomes. We have addressed the role of
ranslation factor eIF4G-1 in the recruitment and poly(A)
longation of these mRNAs.
Our results demonstrate a specific function for eIF4G
uring meiosis, in which a group of translationally con-
rolled mRNAs, some encoding cell cycle proteins such as
-Mos and cyclin B1, become associated with the transla-
ional apparatus in response to the modification of their 39
oly(A) tails. The utilization of newly polyadenylated cy-
lin B1, c-Mos, D7, and B9 mRNAs for translation was
everely inhibited by eIF4G cleavage. eIF4G was the only
rotein required for recruitment of these mRNAs that was
nactivated by protease 2A, as evidenced by the restoration
f c-Mos synthesis upon expression of the protease 2A-
esistant human eIF4G-1G486E. Oocytes require the de novo
ynthesis of cell cycle proteins such as cyclins B1 and B2,
dk2, and c-Mos in order to complete meiotic maturation.
n particular, polyadenylation and recruitment of c-Mos
RNA is critical for initiating meiotic cell cycle progres-
ion (Ballantyne et al., 1997; de Moor and Richter, 1997;
heets et al., 1995). Without intact eIF4G, no such recruit-
ent occurred and the cell cycle was blocked. By providing
he necessary cell cycle proteins through the injection of
PF, meiotic maturation was completed in the absence of
he protein synthesis requirement. However, in spite of
eiotic progression and even the efficient elongation of
oly(A) on these mRNAs, no recruitment to polyribosomes
as observed. Thus, the eIF4G requirement was also inde-
endent of cell cycle progression. Interestingly, the pres-
nce of intact eIF4G for just 2–3 h following progesterone
xposure allowed c-Mos to accumulate and led to meiotic
aturation. These results indicate an obligatory role for
ntact eIF4G-1 early in the process of meiotic maturation to
nitiate translation of c-Mos and cyclin B1 mRNAs.
The fact that intact eIF4G is required for translation of
hese cell-cycle-regulated maternal mRNAs is remarkable
nly in light of the fact that eIF4G is dispensable for the
ranslation of housekeeping mRNAs (e.g., actin) and for
ost (;70%) of the total protein synthesis in nonstimu-
ated stage VI oocytes (Keiper and Rhoads, 1997). The use of
rotease 2A to specifically cleave eIF4G in Xenopus oocytes
nd in mammalian cells and extracts (Aldabe et al., 1995;
radi et al., 1998; Hambidge and Sarnow, 1992; Liebig et
l., 1993; Whetter et al., 1994; Ziegler et al., 1995a) distin-
guishes between two types of translation initiation: that
which requires intact eIF4G (eIF4G-dependent) and that
which does not (eIF4G-independent). With respect to the
latter, it has been demonstrated that cpC is sufficient for the
translation of uncapped and viral mRNAs (Ohlmann et al.,
1996; Ziegler et al., 1995a). We do not know the mechanism
by which eIF4G-independent translation proceeds in pro-
tease 2A-treated oocytes, but have observed that cpC re-
mains stable in oocytes following protease 2A treatment
s of reproduction in any form reserved.
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11Recruitment of Maternal mRNAs Requires eIF4G-1(Keiper and Rhoads, 1997), suggesting that it may be in-
volved in the initiation of housekeeping mRNAs. Intact
eIF4G appears to be required only for the translational
control of cell-cycle-regulated mRNAs during meiosis
rather than for general translation initiation of all oocyte
mRNAs.
The eIF4G requirement for poly(A)-dependent translation
of maternal mRNAs persists beyond the initial recruitment
event to the maintenance of their translation. Without
eIF4G, they rapidly lose their association with ribosomes,
suggesting that both primary initiation and reinitiation of
these mRNAs require eIF4G. This strict requirement of
poly(A)-dependent translation for intact eIF4G is similar to
that for cap-dependent translation, observed in this and a
previous study (Keiper and Rhoads, 1997). Cap-dependent
translation, as assayed by injected rabbit globin mRNA, is
very sensitive to the cleavage of Xenopus eIF4G and can be
restored by expression of human eIF4G-1. Interestingly, the
cap-dependent mechanism alone is either not relevant to
the translation of endogenous Xenopus mRNAs or is not
eadily perturbed, based on unsuccessful attempts by our
ab (data not shown) and others (Asselbergs et al., 1978;
rummond et al., 1985) to inhibit translation and
rogesterone-induced meiosis using m7GTP or 4E-BP1.
owever, the cap-dependent and poly(A)-dependent modes
an also act synergistically to facilitate translation initia-
ion (Galili et al., 1988; Gallie, 1991). It is this synergism
hich is thought to account for the efficient reinitiation of
uch mRNAs (Galili et al., 1988; Tarun et al., 1997).
The advantage conferred to an mRNA by a long poly(A)
tract affects initiation and requires PABP (Bag and Wu,
1996; Munroe and Jacobson, 1990). A current model postu-
lates that an interaction of eIF4G with PABP facilitates 48S
initiation complex formation, particularly during reinitia-
tion, by producing a circular mRNA structure (Hentze,
1997). Levels of PABP are substoichiometric to poly(A) in
oocytes and early embryos (Stambuk and Moon, 1992),
suggesting that mRNAs compete for protein binding. We
have demonstrated that oocyte PABP is associated with
eIF4G through a protein–protein interaction which does not
require mRNA. Similar PABP–eIF4G complexes have been
found in yeast and in wheat germ (Le et al., 1997; Tarun and
Sachs, 1996) but are undetectable in human fibroblasts
(Craig et al., 1998). Both yeast and plant PABP bind to the
N-terminus of eIF4G, just upstream of the region known to
bind eIF4E (Le et al., 1997; Tarun and Sachs, 1996). Our
results suggest that the basis for the recruitment of poly(A)-
elongated maternal mRNAs is the association of eIF4G
with the oocyte’s limited supply of PABP: mRNAs with
extended poly(A) tracts will more successfully compete for
PABP and hence, eIF4G, giving them better access to
ribosomes.
Disruption of this interaction by cleaving eIF4G with
protease 2A prevents recruitment, despite efficient cyto-
plasmic poly(A) elongation of CPE-containing maternal
mRNAs (e.g., B9, D7, and cyclin B1). Cleaving eIF4G
uncouples the cytoplasmic poly(A) elongation of maternal
B
Copyright © 1999 by Academic Press. All rightmRNAs from translational activation, indicating that
poly(A) elongation precedes recruitment. In the absence of
recruitment, these mRNAs become hyperadenylated, sug-
gesting that a nuclease associated with polyribosomes acts
in opposition to poly(A) elongation (Brewer and Ross, 1988;
Gay et al., 1989).
The basis for the inhibition of poly(A)-mediated transla-
tion appears to be the separation cpN, which presumably
contains the binding site for PABP, from cpC, which inter-
acts with the 40S ribosomal subunit through its affinity for
eIF3. It is interesting to note that another molecule,
eIF4G-2, has been recently been identified in human cells
but is not found in the eIF4F complex from rabbit reticulo-
cytes (Gradi et al., 1998). Though it shares only 48% amino
acid sequence identity with eIF4G-1, it binds to eIF4A,
eIF4E, and eIF3 in vitro and is cleaved by the picornaviral
protease 2A. It is unclear whether eIF4G-2 binds PABP or is
even expressed in Xenopus oocytes, but the data presented
here suggest that its activity is unnecessary for both cap-
dependent translation and poly(A)-dependent mRNA re-
cruitment, since both are restored to 2A-treated oocytes by
human eIF4G-1G486E alone. It is also unlikely that the
remaining total protein synthesis following protease 2A
treatment of stage VI oocytes (Keiper and Rhoads, 1997) is
due to a putative Xenopus form of eIF4G-2 that is resistant
to cleavage. A C-terminal antibody against residues 653–
666 of human eIF4G-1, a sequence well conserved in
eIF4G-2 (Gradi et al., 1998), detected two cpC products
following protease 2A injection but no intact eIF4G (Keiper
and Rhoads, 1997).
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